The gene encoding ␤-mannanase (EC 3.2.1.78) BaMan26A from the bacterium Bifidobacterium adolescentis (living in the human gut) was cloned and the gene product characterized. The enzyme was found to be modular and to contain a putative signal peptide. It possesses a catalytic module of the glycoside hydrolase family 26, a predicted immunoglobulin-like module, and two putative carbohydrate-binding modules (CBMs) of family 23. The enzyme is likely cell attached either by the sortase mechanism (LPXTG motif) or via a C-terminal transmembrane helix. The gene was expressed in Escherichia coli without the native signal peptide or the cell anchor. Two variants were made: one containing all four modules, designated BaMan26A-101K, and one truncated before the CBMs, designated BaMan26A-53K. BaMan26A-101K, which contains the CBMs, showed an affinity to carob galactomannan having a dissociation constant of 0.34 M (8.8 mg/liter), whereas BaMan26A-53K did not bind, showing that at least one of the putative CBMs of family 23 is mannan binding. For BaMan26A-53K, k cat was determined to be 444 s ؊1 and K m 21.3 g/liter using carob galactomannan as the substrate at the optimal pH of 5.3. Both of the enzyme variants hydrolyzed konjac glucomannan, as well as carob and guar gum galactomannans to a mixture of oligosaccharides. The dominant product from ivory nut mannan was found to be mannotriose. Mannobiose and mannotetraose were produced to a lesser extent, as shown by high-performance anion-exchange chromatography. Mannobiose was not hydrolyzed, and mannotriose was hydrolyzed at a significantly lower rate than the longer oligosaccharides.
P lant ␤-mannans are abundant cell wall polysaccharides having a ␤-1,4-linked mannan backbone, in some cases interrupted by glucose units. Backbone mannose can also have appended galactose side groups linked by ␣-1,6-bonds, such as in galactomannans and in galactoglucomannan, the major softwood hemicellulose (1, 2) . Konjac glucomannan and carob and guar gum galactomannans are storage polysaccharides, often used in foods because of their gelling properties (3, 4) . ␤-Mannans can be hydrolyzed by ␤-mannanases (endo-␤-1,4-mannanases; EC 3.2.1.78) which hydrolyze the polymer in a random fashion (5) . According to the classification based on sequence similarity (6) , known ␤-mannanases are classified into the glycoside hydrolase (GH) families GH5, GH26, and GH113. These families belong to clan GH-A, in which the enzymes share the (␤/␣) 8 -barrel fold, as displayed in the Carbohydrate-Active enZYmes database (www .cazy.org) (7) .
As with many polysaccharidases, ␤-mannanases can be modular, carrying along with catalytic modules such additional modules as carbohydrate-binding modules (CBMs), classified into what to date are 64 families (www.cazy.org) and having the general function of promoting association of the enzyme to the substrate (8) . Several ␤-mannanases produced by terrestrial bacteria and fungi found in environments containing decaying plant material have been characterized in molecular detail (5) . For example, the mode of action and the crystal structure have been determined for the GH5 ␤-mannanases of the bacterium Thermomonospora fusca (9) and the fungus Trichoderma reesei (10) (11) (12) , the GH26 ␤-mannanase CfMan26A from the bacterium Cellulomonas fimi (13) (14) (15) (16) , and the GH5 and GH26 ␤-mannanases of the bacterium Cellvibrio japonicus (17, 18) . Also, the crystal structures of GH26 ␤-mannanases from Bacillus subtilis strains and from the thermophilic bacterium Alicyclobacillus aci-docaldarius (GH113) have been described previously (19) (20) (21) . The GH5 ␤-mannanases of the tomato plant and of the blue mussel have also been characterized in detail, and their three-dimensional (3D) structures have been determined (22, 23) .
Not only can ␤-mannans be metabolized in terrestrial and marine environments, but also guar gum galactomannan can be fermented in the human digestive tract (24) , and mixed cultures from human feces are able to hydrolyze guar gum galactomannan (25) and glucomannan oligosaccharides (26, 27) . The processing and utilization of nondigestible diet polysaccharides by the human gut bacteria are highly important for the health of the host (28, 29) . Bifidobacterium is one of the most abundant genera of the gut flora, harboring many species generally regarded as being health beneficial (30) . In general, bifidobacteria have the capacity to metabolize various complex carbohydrates (28) . At least some of the strains, including Bifidobacterium adolescentis, can grow on glucomannan and glucomannan oligosaccharides (31) . However, the putative enzyme(s) responsible for ␤-mannan depolymerization in the human gut is largely unknown, although Bacteroides ovatus produces ␤-mannanase activity when grown on galactomannan (32, 33) . The lack of sequence information regarding the B. ovatus enzyme(s), however, restricts any bioinformatic analysis or classification as well as any clear identification. An exo-acting ␤-mannosidase of GH2 from Bacteroides thetaiotaomicron has been well characterized both functionally and structurally (34) .
The genome sequencing of several bifidobacteria has made it possible to predict the presence of putative carbohydrate-active enzymes, the majority of which are predicted proteins yet to be characterized functionally (35) (36) (37) . The aim of the present study was to express and characterize a putative ␤-mannanase from one of the Bifidobacterium species, to increase the knowledge of the ␤-mannan catabolism of human gut bacteria. Accordingly, to possibly find a homolog to known mannanases, the sequence of CfMan26A from C. fimi (16) was used as a query in a BLAST search, one that resulted in a hit in the in silico-translated genome of B. adolescentis. The corresponding gene was expressed, and the gene product was identified as a ␤-mannanase (BaMan26A). The enzyme was characterized and was found to be modular and likely to be cell attached.
MATERIALS AND METHODS
Bacterial strains, media, and vectors. The Zero Blunt TOPO PCR cloning kit and the electrocompetent Escherichia coli TOP10 strain employed were purchased from Invitrogen, Carlsbad, CA. E. coli BL21(DE3) was purchased from Stratagene, La Jolla, CA. The cells were grown in liquid Luria broth (LB) or on LB agar (15 g/liter) plates at 37°C. When the cells contained the pCR-Blunt II-TOPO vector or the pET28bϩ vector (Novagen, Darmstadt, Germany), the medium was supplemented with 30 g/ml kanamycin.
Cloning. All of the cloning reagents were from Fermentas (St. Leon-Rot, Germany) unless stated otherwise. The manufacturer's recommendations and protocols were followed. When necessary, a DNA cleanup was performed using the Jetquick DNA cleanup kit (Genomed, Löhne, Germany). The genomic DNA from B. adolescentis ATCC 15703 was purchased from LGC Promochem AB, Teddington, United Kingdom. The B. adolescentis gene encoding the ␤-mannanase BaMan26A was amplified by PCR using 0.04 g genomic DNA, Pfu DNA polymerase, and the primers 1 (forward) (5=-ATACCATGGCAAAAACCACAGTCACCAAACTG) and 2 (reverse) (5=-AATCTCGAGTTCGATATCGCCTCCCTTCC). Each of the primers used in this study introduces the restriction sites for NcoI (underlined) for forward primers and XhoI (underlined) for reverse primers. Primers 1 and 2 amplify a fragment encoding the full-length ␤-mannanase BaMan26A, including the signal peptide. Primer 2 deletes the native stop codon and introduces the Leu and Glu that precede the C-terminal 6ϫHis tag (used for purification by means of affinity chromatography) encoded by the pET28bϩ expression vector.
Following PCR, the generated fragment was agarose gel purified and subcloned into a pCR-Blunt II-TOPO vector. Then the target fragment, digested by NcoI/XhoI, was subcloned into pET28bϩ to construct the expression plasmid pET28bϩBaMan26A. After sequencing (at Eurofins, Ebersberg, Germany), it was shown that the coding sequence was identical to the one deposited in the GenBank database (GeneID 4557264), except that the native stop codon was deleted and was replaced by a His tagcoding sequence in the region corresponding to the C terminus, as expected. pET28bϩBaMan26A was transformed into the E. coli BL21(DE3) expression strain to create a strain expressing the full-length BaMan26A with a 6ϫHis tag (the enzyme variant being designated BaMan26A-107K).
The plasmid pET28bϩBaMan26A was used as a template to generate a plasmid (pET28bϩBaMan26A-NoS) encoding a BaMan26A variant without the predicted signal peptide. Primers 2 and 3 (forward) (5=-ATA CCATGGCAGAAGGAAAATCGGCATCC) were used for the PCR from which the product was subcloned into pET28bϩ as described above.
pET28bϩBaMan26A-NoS was used as a template, together with primers 3 and 4 (reverse) (5=-ATCTCGAGTGAACCGGTGCGGGAC AG), so as to generate pET28bϩBaMan26A-aa29-971, encoding the ␤-mannanase without both the N-terminal signal peptide and the putative transmembrane helix (designated BaMan26A-101K). This variant starts with Met, followed by Ala29, and ends with Ser971 (numbered from the native start codon), followed by Leu and Glu from the restriction site and also the 6ϫHis tag. The PCR product was subcloned into pET28bϩ as described above.
pET28bϩBaMan26A-CatIg, coding for the catalytic and immunoglobulin-like (Ig-like) modules of the ␤-mannanase (BaMan26A-53K), was generated with the primers 3 and 5 (reverse) (5=-AATCTCGAGTGG TTTGGCACCCAGTTTTAC), using the ␤-mannanase gene without signal peptide in the pCR-Blunt II-TOPO vector as a template in the PCR. The PCR product was subcloned into pET28bϩ as described above. pET28bϩBaMan26A-CatIg codes for BaMan26A-53K. Since this variant lacks the predicted N-terminal signal peptide, it starts with Met, followed by Ala29. The C terminus ends with Pro540 (numbering from the native start codon), followed by Leu and Glu, encoded by the restriction site, and the 6ϫHis tag.
Activity assay. The ␤-mannanase activity assay was performed with use of dinitrosalicylic acid (DNS), as described by Stålbrand et al. (38) . Either 5 g/liter carob galactomannan (locust bean gum from Ceratonia siliqua seeds; Sigma-Aldrich, St. Louis, MO) or 5 g/liter guar gum (Sigma-Aldrich) dissolved in 50 mM Na citrate buffer (pH 5.3) was used as the substrate. The incubations were performed in duplicate at 37°C for 15 min.
Protein expression and purification. Overnight cultures of E. coli BL21(DE3) containing the appropriate construct of the ␤-mannanase gene were inoculated in LB medium, and when an optical density at 600 nm (OD 600 ) of 1.0 to 1.2 was reached, expression was induced by use of 0.4 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG). The cells were then grown for 1 h and were harvested by centrifugation. The pellet was suspended in binding buffer for affinity chromatography (50 mM Na phosphate, 300 mM NaCl, 10 mM imidazole [pH 8.0]), and a 1 mM concentration of the protease inhibitor phenylmethylsulfonyl fluoride (PMSF) was added. The cells were lysed by use of a French pressure cell (SLM-Aminco, Rochester, NY), and the lysate was centrifuged and filtered through a 0.2-m filter before being applied to a nickel-nitrilotriacetic acid (Ni-NTA) cartridge or an Ni-NTA column from Qiagen (Hilden, Germany). The column was washed with washing buffer (50 mM Na phosphate [pH 8.0], 300 mM NaCl, and 20 to 33 mM imidazole depending on run). The proteins were eluted with 250 mM imidazole, 300 mM NaCl, and 50 mM Na phosphate, pH 8.0. The fractions were assayed for ␤-mannanase activity and were analyzed by means of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 12% or 10% polyacrylamide gels. The gels were stained with Coomassie brilliant blue G-250 (39) . The protein concentration was measured by use of a NanoDrop ND-1000 spectrophotometer at 280 nm. The molecular weight and the theoretical absorption coefficient as determined by Protparam (40) were used to correlate the absorbance with the protein concentration. The electrophoretically homogeneous fractions that showed the highest specific activity were pooled, and the buffer was exchanged to 50 mM Na citrate buffer, pH 5.3, by using Amicon Ultra 10-kDa-cutoff centrifugal filter devices (Millipore, Tullagreen, Ireland).
Stability and optimal pH. To determine the optimal pH for ␤-mannanase activity, the DNS assay was used with carob galactomannan in the pH range of 3 to 8. For the pH range of 3 to 6, 50 mM Na citrate buffer was used, and for the pH range of 6 to 8, 50 mM Na phosphate buffer was used. To test the stability, the enzyme was incubated at 4°C to 50°C in 50 mM Na citrate buffer of pH 5.3 for 24 h, with and without the addition of 0.05 mg/ml bovine serum albumin (BSA; AppliChem, Darmstadt, Germany). Following incubation, the activity assay was performed as described above.
Hydrolysis of poly-and oligosaccharides. Mannobiose (M2), mannotriose (M3), mannotetraose (M4), mannopentaose (M5), mannohexaose (M6), low-viscosity carob galactomannan, low-viscosity gluco-mannan from Amorphophallus konjac (konjac glucomannan), and ivory nut mannan were purchased from Megazyme (Bray, Ireland). Hydrolysis mixtures were prepared, each containing 2.5 g/liter polysaccharide (either carob galactomannan, low-viscosity carob galactomannan, or guar gum or konjac glucomannan) or 4 mM oligosaccharide in 50 mM Na citrate buffer at pH 5.3 together with 0.05 mg/ml BSA. The hydrolysis reactions were carried out with 1 M enzyme added, except for the konjac glucomannan hydrolysis, to which 0.2 M enzyme was added. The mixtures were incubated at 30°C. Aliquots were taken out after 30 min, 24 h, and 48 h, were boiled for 3 min, and were stored frozen until analyzed. The controls of the substrate and the enzyme were treated in the same way.
The ivory nut mannan was first washed five times in water, the pellets of it being recovered after each step by centrifugation to remove any traces of soluble saccharides. The ivory nut mannan was then dried overnight at 30°C. Following this, 1.25 g/liter ivory nut mannan in 50 mM Na citrate buffer at pH 5.3 containing 0.05 mg/ml BSA was provided with 0.2 M enzyme, and incubation was performed as described above but with headover-tail rotation.
Analysis by thin-layer chromatography (TLC) was carried out with use of aluminum sheets covered by silica gel 60 (Merck, Darmstadt, Germany). 1-Buthanol-ethanol-water at a volume ratio of 10:8:7 was used as mobile phase. Staining was performed as described by Bounias (41), with slight modifications. A mixture of 8.2 g/liter N-(1-naphthyl)ethylenediamine dihydrochloride (Sigma), 8.6% sulfuric acid, and ethanol was poured over the TLC sheet. The sheet was then dried and was baked in an oven at 105°C until color development was complete.
The hydrolysis products were quantified by high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) (Dionex, Sunnyvale, CA), as described by Hägglund et al. (10) . A Carbopac PA-100 column (Dionex) was used for the separation with an isocratic flow of 78 mM NaOH. Low-viscosity carob galactomannan hydrolyzed for 30 min by BaMan26A-101K was analyzed and then incubated overnight together with ␣-galactosidase from guar gum (Megazyme, Bray, Ireland) and was analyzed by HPAEC thereafter.
Binding studies. Affinity gel electrophoresis was used to determine the dissociation constant (K d ) for low-viscosity carob galactomannan (15) . Native PAGE gels containing 10% acrylamide and 0, 0.005, 0.0125, 0.05, and 0.1 g/liter low-viscosity carob galactomannan were casted. BSA was used as a nonbinding reference protein. A total of 0.7 g of each protein was loaded, and the gels were run at 100 V for 240 min at 4°C. Three repeats were made. The gels were stained as described above. Binding toward insoluble polysaccharides was performed as described by Hägglund et al. (10) . Washed ivory nut mannan and Avicel cellulose (Avicel PH-101; Fluka, Ireland) were suspended to a concentration of 10 g/liter in 100 mM Na phosphate-50 mM Na citrate buffer at pH 7.0, with 0.2 M enzyme added to the tubes, which were then incubated at 4°C for 1 h with continued stirring. A negative control containing 0.2 M enzyme but no substrate was treated in the same way. After incubation, the samples were spun down. The residual ␤-mannanase activity was measured in the supernatant with use of the DNS assay as described above.
Kinetics. The kinetic properties of BaMan26A-53K were determined on low-viscosity carob galactomannan. Incubation with 3.6 nM enzyme at 37°C was carried out in duplicate for 15 min (for concentrations of 20 g/liter and 30 g/liter) or for 30 min (for concentrations of 5 g/liter and 10 g/liter). Hydrolysis was stopped by adding DNS, and the samples were analyzed as described above. The hydrolysis rate was calculated in terms of micromolar concentration of substrate hydrolyzed per second and was plotted against the substrate concentration in the hydrolysis mixture to obtain a Michaelis-Menten curve. K m and V max were determined by nonlinear regression in GraphPad Prism 5 (GraphPad Software, San Diego, CA).
RESULTS

BLAST search, gene cloning, and recombinant expression of
BaMan26A. A BLAST search (blastp) (42) with the peptide sequence of the modular ␤-mannanase from C. fimi (CfMan26A; UniProt ID Q9XCV5), studied previously by our group and others (13) (14) (15) (16) , revealed a potential ␤-mannanase precursor (Uni-Prot ID A1A278) in the in silico-translated genome sequence of B. adolescentis (GenBank accession no. NC_008618.1). The potential B. adolescentis ␤-mannanase had the locus tag BAD_1030 and was designated BaMan26A. The predicted length of BaMan26A was 1,002 amino acids, including an N-terminal secretion signal peptide, as detected by the SignalP server (43) (Fig. 1) . The gene predicted to encode full-length BaMan26A (BaMan26A-107K) was PCR amplified, cloned, and expressed. ␤-Mannanase activity was detected in the cell lysate. Recombinant expression thus yielded active BaMan26A.
Predicted modular organization and cellular location of BaMan26A. The mature N-terminal part (residues 29 to 392 [ Fig.  1] ) of BaMan26A showed an identity of 44% with the GH26 catalytic module of CfMan26A (14) . A multiple alignment carried out using CLUSTAL W2 (44) with the catalytic modules of CfMan26A and three other GH26 ␤-mannanases predicted the presence of the two conserved catalytic glutamates in GH26 within the BaMan26A sequence (E205 and E316). The three other ␤-mannanases were BsMan26A from Bacillus sp. strain JAMB-750 (45) and CjMan26A and CjMan26C from Cellvibrio japonicus (17, 18) , with which BaMan26A showed an identity of 35 to 42%. Residues 417 to 517 of BaMan26A also showed 27% identity with the Ig-like module of CfMan26A (14) . The Protein Homology/ analogY Recognition Engine, version 2.0 (Phyre2) (46) , predicted this sequence to be homologous to the C. fimi Ig-like module with 98% confidence. BaMan26A may thus contain an Ig-like module BaMan26A-53K. The black box represents the signal peptide. GH26 is the catalytic module of glycoside hydrolase family 26. The putative linkers are marked with a black line. The LSRTG motif is indicated. The transmembrane helix sequence followed by 4 charged amino acids is marked with a small box at the C terminus. Numbers above the modules show the predicted starting and ending amino acids of each module (numbered from the native start codon). in a manner similar to CfMan26A, although no clear function has been assigned to these modules. Further bioinformatic analysis showed that similar to the case with CfMan26A, the GH26 catalytic and putative Ig-like modules are followed by a predicted CBM of family 23. In contrast to CfMan26A (15, 47) , a second putative CBM23 follows the first in the case of BaMan26A. The two putative CBMs of BaMan26A showed 34% and 36% identity with CBM23 of CfMan26A, which has been shown to bind galactomannan but not water-insoluble mannan, xylan, or cellulose (15) . An alignment with these three CBMs and the predicted but uncharacterized CBM23 of BsMan26A (45) showed there to be 18 conserved residues (Fig. 2) , 5 of them being Trp or Tyr, which are known to often be involved in carbohydrate interactions (8) . However, no functions of any of the individual residues in CBM23 have been shown yet.
Toward the C-terminal side of the tandem CBMs of BaMan26A there follow 64 amino acids which lack homology to any known sequence and could comprise a linker ( Fig. 1 ). There follows then a stretch of 22 hydrophobic amino acids predicted to be a transmembrane helix by the TMHMM prediction server (www.cbs.dtu.dk/services/TMHMM-2.0/) (48) . This supposed transmembrane helix is followed by four basic residues, which together with the helix could potentially comprise a membrane anchor (49) . N terminally from the predicted transmembrane helix there is an LSRTG amino acid sequence which, together with the hydrophobic stretch and the positively charged amino acids, could be a sorting signal. In the sortase mechanism, after the secretion of a protein carrying an LPXTG amino acid sequence, the protein becomes covalently linked to the cell wall by the enzyme sortase (50) . Although BaMan26A lacks the exact LPXTG sequence, there are variations of this motif, LSRTG being among them (51) . Either way, BaMan26A appears to be cell attached, either through a membrane helix anchor or through attachment to the cell wall mediated by the sortase.
Expression, purification, and basic properties of truncated variants of BaMan26A. In addition to full-length BaMan26A (BaMan26A-107K), there were also two truncated variants of BaMan26A (both of them lacking the signal peptide) that were likewise cloned and expressed in E. coli: BaMan26A-101K and BaMan26A-53K. The expression of BaMan26A-107K resulted in a considerably (10-fold) lower activity than for BaMan26A-101K and BaMan26-53K. The last two were selected to be purified and to be characterized further.
BaMan26A-101K is truncated right after the LSRTG sequence, to resemble what is predicted to be the mature soluble (neither cell wall nor membrane associated) part of the protein. It contains four modules: catalytic, Ig-like, and the two CBM23 modules, followed by a putative linker consisting of 64 amino acids (Fig.  1B) . The other variant to be characterized was BaMan26A-53K, containing only the catalytic and Ig-like modules (Fig. 1C ), equivalent to a 50-kDa fragment of CfMan26A (CfMan26A-50K), for which the crystal structure has been determined (14) . For CfMan26A, the Ig-like module can be important for the stability of the catalytic module (16) . BaMan26A-53K enables the catalytic function of the enzyme to be studied without the influence of CBM23.
BaMan26A-53K was found to have a narrow pH optimum at pH 5.3 (Fig. 3) . BaMan26A-101K also showed a pH optimum at 5.3 but retained over 90% of its activity in the pH range of 5 to 6. After incubation for 24 h in the presence of 0.05 mg/ml BSA at pH FIG 2 Alignment of the two putative repeats of CBM23 from BaMan26A-CBM1 (amino acids 520 to 714) and CBM2 (amino acids 715 to 901) with the CfMan26A CBM23 (15) and putative CBM23 from Bacillus sp. JAMB-750 Man26A (45) . Asterisks indicate conserved residues; one or two dots show positions with similarity between groups of amino acids (two dots mark stronger similarity). The alignment was made in CLUSTAL W2. Specific activity and enzyme kinetics. As determined by the DNS assay, the specific activity of BaMan26A-101K toward carob galactomannan was 340 kat/mol enzyme, whereas that of BaMan26A-53K was 176 kat/mol. On low-viscosity carob galactomannan, the specific activities were 262 kat/mol for BaMan26A-101K and 105 kat/mol for BaMan26A-53K, while on guar gum they were 110 kat/mol and 14 kat/mol, respectively. Using lowviscosity carob galactomannan, the K m for BaMan26A-53K was found to be 21.3 g/liter (standard deviation [SD], 2.9 g/liter), and the k cat was found to be 444 s Ϫ1 (SD, 2 s Ϫ1 ).
Products from polysaccharide hydrolysis. Four different ␤-1,4-linked mannans were incubated together with BaMan26A-101K and BaMan26A-53K-ivory nut mannan (a water-insoluble homomannan), konjac glucomannan, and carob and guar gum galactomannans-and the hydrolysis products were analyzed. HPAEC chromatograms showed ivory nut mannan to be hydrolyzed to manno-oligosaccharides to a degree of polymerization (DP) of 2 to 4, with the major product being M3 (Table 1) . For BaMan26A-101K, the release of M3 was somewhat more prominent than it was for BaMan26A-53K. During the period in which the hydrolysis took place (48 h), BaMan26A-53K also released minor amounts of M5 (data not shown). After 30 min, BaMan26A-53K had converted 7.5% of the mannan, and 15% of it had been converted after 24 h, whereas for BaMan26A-101K, the degrees of conversion were 10% and 32%, respectively.
Konjac glucomannan was depolymerized to a mixture of glucomanno-oligosaccharides, the dominant product(s) being estimated to represent a DP of 3, as analyzed by use of TLC (Fig. 4A) . Interestingly, carob galactomannan was fragmented to smaller products than guar gum galactomannan was ( Fig. 4B and C) . This may possibly reflect the restrictions brought about by galactose substitutions, which would be more severe in the case of the higher degree of substitution in guar gum galactomannan. The major products obtained from carob galactomannan were estimated to be from a DP of 2 up to a DP of 6 and higher (Fig. 4B) . The products of guar gum were estimated to be mainly a DP of 6 and higher (Fig. 4C ). HPAEC analysis of the carob galactomannan hydrolyzed showed that in addition to galactomanno-oligosaccharides (as confirmed by ␣-galactosidase incubation), M3, M2, and M1 were likewise formed, M3 being formed in the highest concentration.
Hydrolysis of manno-oligosaccharides. Neither of the BaMan26A variants was able to hydrolyze M2, even after 48 h of incubation. The hydrolysis of M3 was considerably slower than that of the higher oligosaccharides (M4, M5, and M6), as judged from the product concentrations after 0.5 h of incubation; see Table 1 , in which products of the hydrolysis of M3 and M5 are given. M5 was hydrolyzed mainly to M3 and M2 (Table 1) , while M6 was hydrolyzed to M3 as the main product, in addition to M1, M2, M4, and M5. In reference to the results described in this paragraph, no significant difference in the patterns of the hydrolysis products was obvious in comparing BaMan26A-101K with BaMan26A-53K. The results show no clear indication of the occurrence of substantial transglycosylation, in a manner rather similar to that of CfMan26A (14, 52) . However, significant trans- glycosylation has been observed for many other mannanases, such as TrMan5A from T. reesei (11) . Binding to polysaccharides. BaMan26A-101K showed an affinity for carob galactomannan with a K d of 8.8 (SD, 0.18) mg/liter or of 0.34 (SD, 0.07) M, analyzed by affinity gel electrophoresis as done by Stoll et al. (15) . In contrast to BaMan26A-101K, BaMan26A-53K and the control protein BSA were not retarded by the presence of carob galactomannan in the gel (data not shown). Both of the BaMan26A variants that were characterized bound to ivory nut mannan. BaMan26A-101K showed 46% residual activity in the supernatant compared with the control, whereas BaMan26A-53K showed 25% residual activity. Neither of the variants bound to Avicel cellulose.
DISCUSSION
Microbial degradation and utilization of carbohydrates in the human gut are of great importance for our health, with such probiotic bacteria as bifidobacteria playing an important role (28, 30) .
Our study provides new information of relevance to ␤-mannan conversion by the human gut microbiota. B. adolescentis can grow, for example, on glucose, mannose, and galactose (53) and both hydrolyzed and unhydrolyzed konjac glucomannan (31, 54) . Until now, however, the enzymes responsible for mannan saccharification have not been characterized in any detail.
In a manner similar to that of its homolog, the ␤-mannanase CfMan26A from the soil-living bacterium C. fimi, BaMan26A has a modular organization. Both BaMan26A and CfMan26A have an N-terminal catalytic module of GH family 26, followed by an Iglike module and CBM23, which in the case of BaMan26A (but not of CfMan26A) is followed by an additional CBM23 in tandem ( Fig. 1 ). Both of these homologs appear to be extracellular and to be cell wall attached, although through different mechanisms. CfMan26A has a putative surface layer homology module for cell attachment (16) . For BaMan26A, in contrast, a potential cell wall attachment can occur via either of two mechanisms, one being anchoring to the peptidoglycan of the cell wall by means of a sortase-mediated mechanism, through which the transmembrane helix is cleaved off (50, 55) , and the other being through membrane attachment via the C-terminal transmembrane helix. Cell association has been observed for several ␤-mannanases, for example, the B. ovatus ␤-mannanase (32), the C. japonicus ␤-mannanases (17) , and the cellulosomal ␤-mannanases of anaerobic bacteria, such as clostridia. The mechanism involved also differs here. The cellulosomal ␤-mannanases of cellulolytic anaerobes are generally attached to cell-bound scaffold proteins that harbor several enzymes (56) . In contrast, three of the C. japonicus ␤-mannanases (CjMan26A, CjMan26C, and CjMan5D) appear to be outer-membrane attached (but separate from each other) (17) , similar to the situation predicted for B. adolescentis and C. fimi, in the sense of each enzyme not being part of an enzyme complex but, rather, being directly associated with the cell.
BaMan26A-101K had an affinity to carob galactomannan, which was not the case for BaMan26A-53K, which lacks the CBMs. This shows that the predicted CBMs have a combined affinity for the soluble carob galactomannan. At this stage it cannot be determined whether the two CBMs are functional and are similar in affinity or specificity. By comparison, the single CBM23 of CfMan26A has a slightly greater affinity, having a K d of approximately 0.2 M (15).
Regarding the catalytic properties of BaMan26A, it is an en-zyme that can clearly act in an endo-fashion, releasing oligosaccharides of various lengths from the polymeric substrates (Table 1) . The overall pattern of hydrolysis of M4, M5, M6, and ivory nut mannan shows that BaMan26A apparently tends to produce M3 as an initial hydrolysis product, which differs from the profiles of the C. fimi and C. japonicus enzymes mentioned above (14, 17, 18, 57) . BaMan26A is considerably slower in hydrolyzing M3 than in hydrolyzing longer oligosaccharides, which is similar to what has been observed for the C. fimi mannanase CfMan26A-50K and the C. japonicus enzyme CjMan26B, for example (14, 57) . The kinetic constants determined by use of carob galactomannan and BaMan26A-53K show a k cat value similar to that of CfMan26A-50K but at the same time an almost 10-fold-higher K m value. An explanation for this may be a greater sensitivity to galactose substitutions for BaMan26A. Restriction by galactose substitutions is also supported by the release of only larger fragments (DP Ͼ 6) from the more highly substituted guar gum galactomannan than from carob galactomannan, where fragments with a DP of Ͻ6 were more pronounced ( Fig. 4B and C) . Also, its specific activity toward guar gum galactomannan was found to be 8-fold lower than for carob galactomannan. Many ␤-mannanases appear to be restricted by galactose substituents (5), including the B. ovatus ␤-mannanase (32) . On the other hand, the presence of backbone glucose in konjac glucomannan possibly does not restrict the activity of BaMan26A, since the products, down to DPs of 2 and 3, are visible in the hydrolysate (Fig. 4A) .
BaMan26A is thus far the only identified ␤-mannanase from the B. adolescentis genome. Compared with the situation in regard to C. japonicus, which has at least 7 ␤-mannanases with niched functions (17, 18, 57) , it appears that B. adolescentis may combine several individual properties in one enzyme. First, BaMan26A appears both to be cell attached (as CjMan26A-C) and to contain CBMs (as CjMan5C). It also shows hydrolytic capacity toward both crystalline ivory nut mannan and soluble mannans, which distinguishes it from CjMan26B, which lacks activity toward ivory nut mannan (57) . Furthermore, BaMan26A binds both soluble mannans (via at least one CBM23) and insoluble mannan via asyet-unidentified motif(s) that is not provided by the CBMs. The ivory nut binding property could possibly be contributed by a secondary sugar binding site (58, 59) , present on either the catalytic module or the Ig-like module, that distinguishes BaMan26A from its homolog, CfMan26A from C. fimi, which does not bind ivory nut mannan (15) . CjMan26C has a processive mode of action, releasing M2 (17) . However, the degree of processivity of BaMan26A, if indeed there is any, remains to be studied. If such is the case, it would appear to not be as stringent as for one of the few other endopolysaccharidases that have been characterized from bifidobacteria, the GH53 endogalactanase from Bifidobacterium longum, which releases galactotriose from galactan (60) .
Our study provides new molecular insight into an enzyme potentially responsible for mannan endohydrolysis by a gut bacterium, a property which only rarely has been described for such bacteria. For Bacteroides thetaiotaomicron, an exo-␤-mannosidase has been suggested to be involved in mannan degradation (34) . The ␤-mannanase activity of B. ovatus cells, however, appears to degrade galactomannan in a random endo-wise fashion (32) , as appears to also be the case for BaMan26A. Assuming that B. adolescentis expresses cell-associated and active BaMan26A, the oligosaccharides would be released close to the cell, potentially beneficial for import and/or for further extracellular or intracellular degradation. In line with this view, additional exo-acting enzymes (␤-mannosidases and ␣-galactosidases) or sugar phosphorylases (35) are likely to be needed to complete the degradation to monomers. An ␣-galactosidase from B. adolescentis has been expressed recombinantly (61) . Its potential activity toward galactosyl substitutions of mannosides has, however, not been reported. Thus, the potential ␤-mannosidase and ␣-galactosidase activities of B. adolescentis necessary for monosaccharide release from the BaMan26A products remain to be identified. In addition, there is a possibility that bacterial consortia, rather than individual organisms, contribute to the complete degradation of complex heteromannan substrates in the colon (26) .
Genome analyses have thus far indicated only relatively few ␤-mannanase candidates among the human gut bacteria (35) (36) (37) . Although it remains to be studied how common these enzymatic activities are among gut bacteria, the B. adolescentis mannanase BaMan26A could potentially be one of the enzymes responsible for gut mannan conversion.
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